ABSTRACT: Mechanical rejuvenation is known to dramatically alter the deformation behavior of amorphous polymers. Polystyrene (PS)-for example, typically known as a brittle polymer-can be rendered ductile by this treatment, while a ductile polymer like polycarbonate (PC) shows no necking anymore and deforms homogeneously in tensile deformation. The effects are only of temporary nature, as because of physical aging the increasing yield stress, accompanied by intrinsic strain softening, renders PS brittle after a few hours, while for PC necking in tensile testing returns in a few months after the mechanical rejuvenation treatment. In this study, it is found that physical aging upon rejuvenation in both PS and PC can be delayed in two different ways: (1) by reducing the molecular mobility through antiplasticization and (2) by applying toughening agents (rubbery core-shell particles). For the first route, even though progressive aging is found to decrease with increasing amounts of antiplasticizer added, dilution of the entanglement network results in enhanced brittleness. Besides antiplasticization effects, also some typical plasticization effects are observed, like a reduction in matrix T g . For the second route, traditional rubber toughening using acrylate core-shell modifiers also results in a reduced yield stress recovery, and ductile tensile deformation behavior is observed even 42 months after mechanical rejuvenation.
INTRODUCTION
The response of glassy polymers to macroscopic deformation is determined by their postyield behavior, namely strain softening and strain hardening, respectively, [1] [2] [3] which control the process of strain localization and subsequent stabilization. The polymer's intrinsic properties, which can be measured in homogeneous deformation, such as uniaxial compression tests, determine the mechanism by which the material deforms and, eventually, fails: necking and shear yielding, or crazing and brittle failure. Strong softening, combined with moderate hardening, as is the case for polystyrene (PS), leads to the latter catastrophic response, since the localizing effect of strain softening is not sufficiently compensated for by the stabilizing effect of strain hardening; hence, resulting in brittle fracture after crazing. 2, 3 On the other hand, polycarbonate (PC), a ductile material, owes its properties to its pronounced hardening combined with moderate softening, resulting in stable neck growth during cold drawing. 2, 3 The intrinsic properties strain softening and strain hardening are determined by the molecular architecture of the polymer chain as well as the thermodynamic state of the material. Strain hardening, now well accepted as an entropic stress contribution of the orienting molecular network, [4] [5] [6] is controlled by two factors: the distance to the glass transition temperature and the entanglement density in the melt. 7, 8 Strain softening, on the other hand, is related to a deformation-induced change (''mechanical rejuvenation'') in the structural state of the material. 2, 3, 9 Polymer glasses are generally in a nonequilibrium state, and, as a result, display a persistent drive toward thermodynamic equilibrium (physical aging). 10, 11 In time, the local intermolecular interactions are increased through small changes in chain conformation, [12] [13] [14] leading to a gradual increase in the resistance to plastic flow (reflected in an increased yield stress). Upon moderate plastic deformation, the rearrangement of molecular segments disrupts the aged macromolecular structure, and transforms it into a higher energy state with a reduced resistance to plastic flow. In a uniaxial compression test, the yield stress of the polymer is observed to increase upon aging, whereas upon plastic deformation, the stress level decreases since the material returns into a unique, unaged reference state (via this mechanical rejuvenation process). 3, 9, 15 The intrinsic yield and postyield response of a glassy polymer appears to be insensitive to the molecular weight distribution. 15 In contrast, the molecular weight proves to be very important for the stress at which the (locally deformed and stretched) molecular network fails: [16] [17] [18] [19] [20] the tensile strength increases with molecular weight, and ultimately reaches a plateau value. In practice, the entangled molecular network requires $8-10 entanglements per chain to acquire this maximum strength. [17] [18] [19] [20] The intrinsic properties of a polymer can, in principle, be changed. This gives us tools to manipulate the polymer characteristics and, consequently, its macroscopic mechanical performance. Illustrative examples are the transformation of PS from a brittle to a ductile material by enhancing its strain hardening response through orientation, 21 crosslinking, 8, 22 or blending with a highly entangled polymer like polyphenylene ether. 8, [22] [23] [24] Similar brittle-to-ductile transitions can also be obtained by manipulation of the amount of strain softening using thermomechanical treatments. A prime example is the embrittlement of a ductile polymer like PC after sufficient annealing. The accelerated aging increases the yield stress and causes the softening to increase and finally becomes dominant. 25, 26 Since the embrittlement is age-related, the ductility can be fully restored by heating the material above T g and cooling it rapidly, thus reducing the yield stress (and strain softening) to its original level.
Much more interesting, on the other hand, is the remarkable increase in ductility that can be achieved by the reduction or even the complete removal of strain softening. This can be accomplished by applying a controlled, macroscopic plastic deformation to the polymer, allowing strain softening to occur without extreme strain localization. Possible methods include alternate bending, 27 shearing, 28, 29 torquing, 6 and cold-rolling. [30] [31] [32] [33] [34] As a result of such treatments, the yield stress decreases ultimately to the level of the unaged state where strain softening is absent (complete mechanical rejuvenation). A prime example is the mechanical rejuvenation of PS by rolling it to a thickness reduction of 30%, eliminating strain softening and resulting in large strains in tension (>30%) without the occurrence of crazes. 30, 31 However, the ductility obtained is only of a temporary nature: the yield stress gradually increases in time due to physical aging. 30, 31 During this process, the yield stress peak erased by rejuvenation starts to increase again, resulting in strain softening, and leading to the return of brittle fracture when the yield stress exceeds the tensile strength.
The timescale on which the brittle failure mode returns for mechanically rejuvenated PS is short, typically in the order of days. For practical applications this is clearly not sufficient, and therefore the question rises how the timescale can be prolonged. In a previous study, 31 it was shown that this can (partly) be achieved by increasing the molecular weight. The resulting increase in tensile strength [16] [17] [18] [19] [20] will require a higher yield stress (and thus a longer aging time) to induce the ductile-to-brittle transition. 31 In the commercial range of molecular weights available, the ''ductile'' time period varied from hours to a maximum of 2 weeks. 31 A further improvement appears feasible, for example by adding ultrahigh molecular weight PS, but is likely to affect the material's processability or even render it intractable. Moreover, the actual cause of the problem, being the evolution of yield stress due to physical aging, is not addressed at all.
Here we intend to explore other routes to increase the ductile timescale of mechanically rejuvenated PS. First, it is attempted to affect the kinetics of the aging process. As mentioned earlier, aging involves small changes in chain conformation, [12] [13] [14] which lead to local densification and increase the local intermolecular interaction. Macroscopically, this results in a gradual increase in yield stress in time, because a higher force is needed to mechanically pull apart these locally densely packed chains in the specimen and allow for local plastic flow. The aging kinetics is thus determined by the segmental mobility of the main chain, which, besides on the molecular architecture, is mainly regulated by temperature and the stress applied. 15 In this study we will attempt to decelerate the aging kinetics by reducing the segmental chain mobility using antiplasticization. Antiplasticizers are low-molecular-weight additives that affect the free volume of polymers, and their addition is known to reduce the chain mobility, increase the yield stress and Young's modulus, and decrease the strain at break. [35] [36] [37] [38] [39] [40] [41] The additive used in this study is Kenflex (KFX), a dimethylnaphthalene tetramer, that has been shown to suppress the molecular mobility in PC. 40 We study its antiplasticization effect on both PC and PS, focusing on its influence on the aging kinetics after mechanical rejuvenation. The second method applied to enhance the ductile lifetime of mechanically rejuvenated PS is the addition of impact modifiers. 42 A core-shell type acrylate rubber is added to the matrix and its influence on the time-to-embrittlement after mechanical rejuvenation is examined.
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EXPERIMENTAL Materials
Two commercial polystyrene (PS) grades were used, N5000 (Shell) and Styron 648 (Dow Chemical), and one polycarbonate (PC) grade: Lexan 141R (General Electric Plastics). Size exclusion chromatography was performed to determine the molecular weight and molecular weight distribution. Compared to linear PS references, Styron 648 has the highest molecular weight (number-average molecular weight M n ¼ 107 kg/mol, weight-average molecular weight M w ¼ 318 kg/mol) followed by N5000 (M n ¼ 80 kg/mol, 
Methods
All materials were dried in an oven at 80 8C for 24 h. Blends of Styron 648 PS with KFX were prepared by extrusion in a corotating, fully intermeshing, self-wipening twin-screw miniextruder (TU/e) at 210 8C at 80 rpm. First, PS was introduced in the extruder, subsequently KFX was added, and after 10 min of mixing, the blend was obtained. Blends of PS and 5, 10, and 15 wt % KFX are further referred to as PS5KFX, PS10KFX, and PS15KFX, respectively. Preparation of PC/KFX blends was performed on a Werner Pfleiderer ZSK 25 twin-screw extruder at a temperature of 210 8C at 200 rpm and are named PC5KFX, and so forth. All KFXblends had a brown color but were transparent. Blends of the N5000 PS and the EXL toughening agent (PS/EXL) were prepared by a similar procedure at a temperature of 165 8C.
Compression Molding
Dynamic mechanical thermal analysis (DMTA) test specimen, compression test samples, and some tensile bars were compression-molded on a preheated hot-press (Fontyne Holland). The compression mold temperature was 210 8C for PS blends and 230 8C for PC blends. First, the material was heated for 30 min in the mold followed by compression in five steps up to 300 kN. Between each step, the force was released to allow the material to degas. Plates of 30 3 5 3 1 mm 3 were compression-molded to prepare DMTA bars and subsequently milled into a rectangular bar of 30 3 2.5 3 1 mm 3 . To prepare the tensile bars, strips of 170 3 20 3 4 mm 3 are compression-molded followed by milling according to ISO527-2/1A. For the uniaxial compression tests, plates of 30 3 40 3 6 mm 3 were prepared, which were milled into cylinders with a diameter and height of 5 mm.
Uniaxial Compression Tests
From the extruded blends, plates were compression-molded at 190 8C during 20 min, at which the pressure is repeatedly released to allow for degassing. Cylindrical samples, 5 mm in diameter and 5 mm high, were machined from these plates. Compression tests were performed on a MTS Elastomer Testing System 810, a servohydraulic tensile/compression tester, under strain control at a constant logarithmic strain rate of 10 À2 s À1 . Friction between sample and steel plates was reduced by a Teflon tape adhered to the sample and a lubricating soap-water mixture on top of this.
Uniaxial Tensile Tests
Large test bars were prepared by injection molding a powdered granulate according to ISO 527-2/1A (Arburg 320S Allrounder 500-150) and small test bars according to ISO 527 (DSM Xplore Mini-Mould Injection). During the latter, the temperature of the injection cylinder for both PS and its blends was 230 8C and the mold temperature was 60 8C. Tensile tests were performed on a Zwick Z010 and a MTS Elastomer Testing System 810. Tests were performed at linear strain rates in the range from 10 À4 to 10 À1 s
À1
.
Mechanical Rejuvenation
Mechanical preconditioning is performed by slowly rolling tensile bars along the length axis on a two-roll mill of 45 mm in diameter to a thickness reduction of 30%. The bars were rolled to the desired thickness in six equal steps. To prevent warping of the samples, they were flipped over after each step. To obtain transparent and homogeneously deformed bars, the PS/ KFX and PS/EXL blends were rolled at a mill temperature of 85 8C. For the PS30EXL, homogeneously deformed bars were obtained by rolling at room temperature.
Dynamical Mechanical Thermal Analysis
DMTA was performed on a TA Instruments Q800 and a Rheometric Scientific MKIII Dynamic Analyzer. Samples were characterized at 1 Hz during heating at 1 or 2 8C/min from À120 to 160 8C to determine the dynamic modulus (E d ) and the tangent of the phase lag (tan d).
RESULTS
Antiplasticization of PC by KFX Figure 1 presents the results of DMTA on PC and its KFX containing blends. The temperature dependence of the loss factor (tan d) reveals two clear transitions for all the materials [ Fig. 1(a) ]: the glass transition (or a-transition) at high temperature and the secondary glass transition (btransition) at low temperature. For pure PC, the a-transition is found around 150 8C and the btransition around À110 8C. Upon addition of KFX, the a-transition shifts to a lower temperature, implying that at these temperatures KFX promotes segmental mobility (plasticization). KFX is also known to reduce the melt viscosity, leading to an improved processability. 40 The glass transition of KFX (42 8C) is not visible, which is a strong indication that the PC/KFX blends are mixtures on a molecular scale. The peak position of the secondary transition (b) of the blends shifts toward lower temperatures too, but simultaneously the magnitude of the transition is suppressed. For temperatures up to 30 8C, the value of tan d is substantially decreased, indicating a reduction of the molecular mobility upon the addition of KFX in that temperature range (antiplasticization). As a result, the dynamic modulus of the blends [ Fig.  1(b) ] is, compared to that of PC, increased over a large temperature range. Only at about 100 8C, well above its T g , KFX turns from an antiplasticizer into a plasticizer. These observations agree with those of Kambour et al. on PC/ KFX blends and Nanasawa et al. on other antiplasticized PC systems. 39, 40 Apparently, the onset of molecular mobility of the additive plays an important role in the transition from antiplasticization to plasticization. 39 The dependence of the tensile yield stress of PC on antiplasticization with KFX is shown in Figure 2 . As reported earlier, 40 the yield stress at room temperature is observed to increase gradually with increasing KFX-fraction [ Fig.  2(a) ]. However, the temperature dependence of the yield stress of PC increases upon the addition of KFX, as visualized in Figure 2 (b). The slope of the PC10KFX curve is steeper than that of PC, and at around 80 8C both lines intersect. At this temperature, a transition occurs from an antiplasticized to a plasticized region. At higher temperatures, modulus, melt viscosity, and yield stress decrease with increasing antiplasticizer content, all due to an increase of segmental mobility caused by the addition of low-molecularweight KFX.
The strain rate dependence of the yield stress of PC and PC10KFX is depicted in Figure 3(a) . For both materials, the yield stress shows a linear relation with the logarithm of strain rate, which changes slope above a certain characteristic strain rate. This typical phenomenon has been observed in many polymer systems, for example, PMMA, 44 polypropylene, 45 ,46 PVC, 27 PC, 46,47 and polyketone. 48 The change of slope is generally interpreted in terms of two different molecular processes contributing to the yield stress. This is illustrated in Figure 3(b) , showing the decomposition of the rate-dependent yield stress into the separate contributions of the aand b-transition. At low strain rates, the a-process (main-chain segmental motion, related to the glass transition) determines the yield stress, whereas at higher strain rates the b-process (secondary transition) is of increasing importance and the yield stress is governed by contributions from both the a-and the b-processes.
This specific yield behavior can be described using the Ree-Eyring modification 49 of Eyring's flow theory. 50 This modification assumes that all segments move at the same average rate, the stresses being additive. According to this assumption, the yield stress as a function of temperature and strain rate is of the form:
where k B is Boltzmann's constant (1.38 3 10
À23
J/K), T is the absolute temperature (K), V is the material dependent activation volume (nm 3 ), and _ e is the applied strain rate (s À1 ). C(T) is a temperature dependent material parameter (s À1 ) defined as
where _ e 0 is a material constant (s À1 ), DU is the activation energy (kJ/mol), and R is the universal gas constant (8.31 J/mol/K). Table 1 shows the values of the constants, used to fit the experimental data of PC in Figure 3(a) . The activation volumes and energies were adopted from Klompen and Govaert. 46 Since the values of _ e 0 are known to depend on the thermal history of the samples, they were determined using a least-squares fit on the experimental data and therefore differ from the literature values.
Remarkably, the changes occurring in the strain rate dependence of the yield stress of PC upon antiplasticization with KFX show great similarity with the changes occurring for PC upon the reduction of the ambient temperature. To validate this, we fitted the yield stress data of PC10KFX with eq 1 and examined at which temperature the yield response of the pure PC would coincide with the PC10KFX data. For this fit the activation volumes and energies were adopted from Klompen and Govaert 46 (Table 1 ) and assumed to be constant. From the excellent fit of the PC10KFX data, presented in Figure  3 (a), it appears that the yield response of PC10KFX at room temperature exhibits the same characteristics as that of PC at a temperature of À25 8C. The addition of 10 wt % of KFX to PC, therefore, not only suppresses the b-process (partial chain mobility) but equally reduces the a-process, resulting in a reduction in mainchain segmental mobility comparable to that of a temperature decrease of 48 8C.
Antiplasticization of PS by KFX
The effect of antiplasticization on the segmental mobility and the aging kinetics is now investigated for PS/KFX blends. DMTA on antiplasti- Figure 3 . (a) Yield stress versus strain rate for pure and antiplasticized PC measured at room temperature. The drawn lines are model predictions using eq 1 with the parameters listed in Table 1 cized PS shows similar results as for PC blends (see Fig. 4 ). Also in PS, the T g of KFX is not distinguishable, which indicates that antiplasticized PS is also a mixture at the molecular scale. Comparable to the PC/KFX blends, the addition of KFX leads to a decrease of the loss factor (tan d) at low temperatures (antiplasticization) and an increase at high temperatures, involving a reduction of the glass transition temperature (plasticization). There is no clear indication for a secondary transition. The influence of antiplasticization on the dynamic modulus is less pronounced for the PS/ KFX blends than for PC/KFX. To further investigate the effect of antiplasticization by KFX, we studied the intrinsic deformation of PS/KFX in uniaxial compression. In this test the increase of the cross-sectional area during compression stabilizes the deformation, and a homogeneous state of deformation can be obtained up to large strain levels. The results are presented in Figure 5(a) and clearly indicate that the addition of KFX leads to an increase of the yield stress [detailed in Fig. 5(b) ], indicative for a decreased segmental mobility. Moreover, it is observed in Figure 5 (a), at large compressive strain, that the strain hardening response becomes less pronounced upon KFX addition. A similar observation was made by Calzia et al. in uniaxial compression of antiplasticized epoxy networks. 41 From a molecular point of view, the important factors influencing the amount of strain hardening are the distance to the glass transition temperature (T -T g ) and the entanglement density of the polymer. 7, 8 In the case at hand, both factors are subject to change. First, as shown in Figure 4 , the addition of KFX leads to a reduction in the glass transition temperature and, consequently, to a decrease of (T -T g ). Second, the addition of large amounts of a low-molecular-weight compound will lead to a dilution of the molecular network and thus decrease the entanglement density. To evaluate the latter, in Figure 6 a plot of the strain hardening modulus as a function of (T -T g ) for PS is presented (determined from compression tests at various temperatures, adopted from Van Melick et al.) 8 as well as for the PS/KFX blends. The PS data represent the influence that an increase in temperature (equivalent to a decrease of T g ) would have on the strain hardening modulus. From Figure 6 it is clear that the strain hardening moduli of the PS/KFX blends decrease faster than could be expected on the basis of the related decrease in the glass transition temperature, which strongly indicates that the entanglement-network density has decreased as a result of the dilution with a low-molecular-weight compound. This picture is in full agreement with the reduction in strain to break that was observed by Kambour et al. 40 in PC/KFX blends, since a dilution of the molecular network is also likely to reduce the tensile strength of the material. 20 Since the increase in yield stress is indicative for a reduction in segmental mobility, it is to be expected that physical aging and, more specifically, the increase in yield stress after mechanical rejuvenation, will be decelerated. Without mechanical rejuvenation by rolling, the PS/KFX blends are observed to fail in a brittle manner, as shown in Figure 7 (a). After the samples have been rolled to a thickness reduction of 30%, the samples can be subjected to large plastic deformations [ Fig. 7(a) ]. In Figure 7 (b) it is shown that for the antiplasticized material the strain softening is strongly reduced upon rolling, and that, similar to PS, the amount of strain softening recovers with aging time.
The increase of the yield stress with time (after rolling) for the PS/KFX blends is shown in Figure 8 . From Figure 8 (a) it is clear that the recovery of yield stress of antiplasticized PS is delayed by the addition of KFX. In Figure 8(b) , the results are shown after normalization with respect to a reference yield stress value (measured 10 3 s after rejuvenation). With increasing KFX fraction, the slope of the recovery of the yield stress with time decreases (see Table 2 ), which implies that the induced reduction in segmental mobility indeed leads to a reduction in aging rate. Unfortunately, even though antiplasticized blends age more slowly than pure PS, they lose their ductility more rapidly after mechanical rejuvenation. This is illustrated in Figure 9 (a), depicting the results of tensile tests on antiplasticized PS, measured 4 h after rejuvenation. In this figure, it is demonstrated that the ductility of rejuvenated PS strongly decreases with increasing amounts of KFX. Table 2 presents an overview of the timescale of return of brittle fracture after rejuvenation. From this table, it can be concluded that the more antiplasticization is applied to the polymer, the sooner after mechanical rejuvenation the ductility disappears. Little more than a few hours after rejuvenation, the antiplasticized blends become brittle again, and this embrittlement occurs much faster than in pure PS, for which brittle behavior returned after 1 week for the Styron 648 grade used here. 31 Since the kinetics of yield stress recovery is actually decelerated by the addition of antiplas- ticizer, the early embrittlement must be attributed to another phenomenon. In our view, it is likely to be related to the reduction of the tensile strength as a result of the decrease of the network density that occurs upon the addition of the low-molecular-weight compound KFX. The concept is illustrated in Figure 9 (b). With the return of strain softening the samples will again be prone to strain localization in a uniaxial tensile test. This strain localization can only be stabilized if the stress which can be transferred by the polymer network in the localized plastic zone is sufficiently high and exceeds the yield stress of the surrounding, less deformed material. However, the molecular network can only be loaded up to a limited stress, the tensile strength. Hence, after a certain aging time, the stress in the local plastically deformed zone needed to surpass the recovered yield stress in the, yet, hardly deformed regions, exceeds the tensile strength and brittle fracture is initiated. For the PS/KFX blends, the low-molecularweight additive leads to a decreased strain hardening modulus due to a dilution of the molecular network ( Fig. 6 ) and is also likely to reduce the tensile strength of the material. 20 This reduced D stands for ductile and B for brittle. Note that despite the decreased rate of aging, the return of brittle fracture after mechanical rejuvenation is observed faster upon the addition of antiplasticizer.
a Determined as the slope of the lines in Figure 8 (a). strength will subsequently cause the rejuvenated material to fail brittle at a lower yield stress level, which will be reached much faster than for pure PS, despite the reduction in aging rate.
Blends of PS and EXL Acrylate Particles
Given the negative results of the attempts to control the aging kinetics via the addition of antiplasticizers, we now examine the ability of traditional rubber toughening to prolong the period in which mechanically rejuvenated PS behaves ductile. Therefore, an acrylate coreshell rubber (Paraloid EXL 2330) is added at different volume fractions. DMTA results on PS30EXL [ Fig. 10(a) ] display clearly the existence of two glass transitions: the T g of the corematerial of the EXL particles (À40 8C) and that of the PS matrix (105 8C). Above À40 8C the core-material becomes rubbery and the modulus of the blend is significantly reduced. Van der Sanden et al. used more than 50 vol % of such a dispersed phase to toughen PS. 51, 52 Here we use less and at 30 wt % of EXL the blend still exhibits brittle failure in a uniaxial tensile test [ Fig.  10(b) ], although it becomes ductile after a rolling treatment, like PS. The yield stress of the rejuvenated PS/EXL blend is much lower than that of PS as a result of the low T g component.
The major effect of blending PS with EXL particles on the yield stress recovery is depicted in Figure 11 . After rolling, the yield stress is significantly reduced and increases linearly upon physical aging with the logarithm of time for all samples [ Fig. 11(a) ]. The rate of aging, however, decreases with a factor of 2.5 upon increasing the EXL weight fraction up to 35%.
Even more interesting, the addition of the toughening agent leads to a dramatic increase of the timescale on which a ductile failure mode is retained. For the pure PS (N5000 in this case), the characteristic time to embrittlement is in the order of a day, whereas the PS30EXL blend still displays ductile failure 42 months after rejuvenation (see Fig. 12 ).
It should be noted here that the reduced rate of yield stress recovery is only a macroscopic effect. A higher EXL content implies that less PS is present, inherently leading to a reduced rate of recovery of the yield stress, since aging only occurs in the PS matrix. This view is supported by the observation in Figure 11(b) , where the results of Figure 11 (a) are plotted on a double logarithmic scale, that the (double-logarithmic) slope of yield stress recovery is not influenced by the filling degree. To further illustrate this, we added an estimation of the yield stress recovery of the PS/EXL blends, represented by the dotted lines in Figure 11 where r y,PS (t) is the recovery of yield stress of the pure PS and / exl the volume fraction of the rubber core-shell particles. This model merely accounts for the reduction of the amount of PS by using a parallel arrangement of the two phases and is generally regarded as an upper bound estimation of the actual properties. From Figure 11 (b) it is clear that the rule of mixtures predicts the same double logarithmic slope as experimentally observed, indicating that the reduced yield stress recovery is indeed directly related to the reduced volume fraction of PS. Although the remarkable retention of the ductile failure mode in the rolled PS30EXL blend (Fig. 12 ) cannot be rationalized by a reduced aging rate of the PS matrix, it could be related to the fact that the yield stress of the PS matrix after rolling is still considerably lower than after processing. Besides this, the rolled PS/EXL blends might be slightly more oriented compared to rolled pure PS samples, which also contributes to the ductility.
CONCLUSIONS
The addition of KFX to PC or PS has a pronounced influence on the molecular mobility. At high temperatures, KFX acts as a plasticizer, leading to a reduction in the glass transition temperature of the polymer matrix and a decrease in viscosity. At lower temperatures, the antiplasticization properties of KFX become evident and an increase of modulus and yield stress is observed. These effects are related to an overall reduction of the molecular mobility, Figure 12 . Stress-strain curve of PS (top) and PS containing 30 wt % EXL after mechanical rejuvenation at _ e ¼ 10 À3 s
À1
. Note that PS30EXL only slightly increases in yield stress during aging, even after 42 months of physical aging at room temperature (as indicated by the solid line).
[Color figure can be viewed in the online issue, which is available at www.interscience.wiley. com.] equivalent to what can be achieved by a reduction in ambient temperature (48 8C for a PC10KFX blend). The reduced segmental mobility also leads to a reduced sensitivity to physical aging, evidenced by a reduction of the rate of yield stress recovery after mechanical rejuvenation.
At first sight, this reduction in aging rate makes antiplasticization by KFX a promising candidate to develop durable, ductile PS. However, despite the reduced aging rate after mechanical rejuvenation, brittle fracture returns faster compared to rejuvenated pure PS. This is due to the dilution of the molecular network by the low-molecular-weight KFX molecules, decreasing both the strain hardening modulus and the tensile strength. The reduced tensile strength leads to a fast return of the brittle failure mode despite the reduced rate of yield stress recovery.
The application of traditional toughening agents (EXL core-shell particles) leads to PS systems that, after mechanical rejuvenation, remain ductile for years and show a strongly reduced rate of yield stress recovery. This reduced rate appears to be a mere consequence of the reduced volume fraction of PS; the aging rate of the PS matrix is identical to that of the unfilled PS.
